Nonheme oxoiron(IV) complexes can serve as synthons for generating heterobimetallic oxo-bridged dimetal complexes by reaction with divalent metal complexes. 
Introduction
Enzymes that contain heterobimetallic active sites have recently been shown to be involved in O 2 activation [1] [2] [3] [4] .
An interesting member of this growing class is the Class Ic
Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00775-017-1517-5) contains supplementary material, which is available to authorized users. ribonucleotide reductase (RNR) from Chlamydia trachomatis. This enzyme has substantial sequence homology with the Class 1a diiron RNRs found in Escherichia coli and mammals and catalyzes the formation of deoxyribonucleotides from ribonucleotides but instead employs a heterodinuclear Fe/Mn center [5] . The reduced Fe/Mn center binds O 2 to generate transient high-valent Fe/Mn species involved in generating the functionally critical thiyl radical on the R1 subunit that initiates ribonucleotide reduction [6] [7] [8] [9] . A second example is the R2-like ligand-binding oxidase (R2lox or Rv0233) found in Mycobacterium tuberculosis. Its crystal structure [10] (Fig. 1) shows a 2-His-4-Glu bimetallic active site similar to that found for Class 1a RNRs and related diiron enzymes [4] . One difference is the presence of a myristic acid moiety that acts as an additional bridge to the dimetal center, the function of which is not currently known. Based on anomalous diffraction maps, the metal binding is found to be specific with Mn bound to the site with only one terminal carboxylate. There is also a novel covalent crosslink found between a tyrosine and a valine residue in the protein scaffold, which presumably derives from a two-electron oxidation in the course of O 2 activation. EPR studies suggest a resting state with an iron(III)manganese(III) center [11] , and recent rapid kinetic and spectroscopic evidence has been reported for the trapping of peroxo and high-valent intermediates [12] , which are presumably involved in forming the Tyr-Val bond.
Due to fundamental interest in the nature of metal-metal interactions and their spectroscopic signatures, synthetic efforts to obtain analogs of these heterobimetallic active sites began even before the existence of such sites in biology was established. In early work , Que and coworkers utilized a symmetric dinucleating ligand to make Fe  II M  II and  Fe  III M II complexes, with phenolate and carboxylate bridges to hold the dinuclear site together [13, 14] [17] .
The relatively recent availability of oxoiron(IV) complexes presented to us the possibility of assembling heterobimetallic complexes by reaction of these complexes with divalent metal precursors. Using this strategy, we recently confirmed the feasibility of this approach by characterizing a pair of (TMC 
Results

Generation and characterization of Fe
III -O-Cr
III compounds
Building on our initial efforts to obtain heterodinuclear metal complexes using oxoiron(IV) tetramethylcyclam (TMC) complexes as synthons [17, 18] [20] . We have also introduced cyanate and thiocyanate as anionic axial ligands to 5 by ligand exchange and found in both cases that the addition of one equivalent of anion was sufficient to elicit systematic changes in their UV-Vis spectra [17] . As illustrated in Fig. 2 (Fig. 3, Table 1 ). These are more intense than those of 5 but less so than those of 5-NCO and 5-NCS (Fig. 2) . Complexes 1-8 are all EPR silent, due to antiferromagnetic coupling facilitated by the oxo bridge between both Fe(III) and Cr(III) centers. The EPR results for 5-NCO, 5-NCS, 7, and 8 corroborate the notion that Cr(OTf) 2 has transferred an electron to the oxoiron(IV) complexes, as previously demonstrated for 4, 5, and 6 [18, 19] .
Resonance Raman spectra of 5-NCO, 5-NCS, and 6 in frozen MeCN solution were obtained with either 515-or 561-nm excitation (Fig. 4) . These compounds exhibit a feature near 800 cm −1 that is sensitive to 18 O-substitution and has been assigned to the asymmetric Fe-O-Cr stretch (Table 1) . Only the asymmetric mode was enhanced significantly, as a consequence of the heterobimetallic nature of the Fe-O-Cr unit, as first noted by Sanders-Loehr et al. [24] in their studies of a series of Fe-O-Fe complexes. On the other hand, 7 and 8, which also have 6-coordinate Fe site, exhibit a resonantly enhanced Raman band near 900 cm −1 that is sensitive to 18 O-substitution and has also been assigned to the asymmetric Fe-O-Cr stretch. The vibrational data for 7 and 8 are remarkably similar to the [18, 19] . Their pre-edge areas of 9 and 13 units, which reflect the extent to which an iron atom deviates from centrosymmetry [25, 26] , are both much smaller than that of 4 but comparable to those found for 5 (11 units) and 6 (15 units). As the iron centers of 4 and 5 are, respectively, 5-and 6-coordinates, the smaller pre-edge areas of 5-NCS and 7 are indicative of 6-coordinate iron centers. Bond metrics for these compounds and other Fe III -O-Cr III compounds summarized in Table 2 also support the conclusion (Fig. 6 ). [27] , (Fig. 7, Fig. S7 ), and a new feature in the visible region appeared (Table 1 ). Figure 7 illustrates (10) . This molecular composition was confirmed by an ion at m/z 1174.0 and the associated isotope distribution (Fig. 7, inset) , which reproduced the simulated ion assuming a formulation of [(N4Py) O; red, 18 O). 5 mM in CH 3 CN; λ ex = 514.5 (4) and 561 (5, 5-NCS, 5-NCO) nm. Spectra were collected at 77 K. Asterisk denotes CH 3 CN solvent peak, and ampersands denote trifluoroethanol solvent peak. Greater than 90% label incorporation was achieved using PhI 18 O for the 18 (11) was also formed by a parallel reaction, which exhibited a visible band at 446 nm (Fig. S7 ) and a molecular ion at m/z 1230.0 (Fig. S8) ( Fig. 8) , suggesting that the latter is a more powerful oxidant than the corresponding N4Py and BnTPEN Table S1 and fit number 8 in Table S2 . Insets: corresponding unfiltered k-space data (black dots) and best fits (red lines)
Generation and characterization of
complexes. In this case, the 724-nm feature associated with [(TPA)Fe IV (O)] 2+ disappeared concomitant with the rise of features around 500 nm assigned to the (TPA) Fe III -O-Mn III (TPA) adduct 12. An isosbestic point is found at 644 nm. The visible features of 12 at 500 and 560 nm red-shift to 540 and 577 nm upon addition of acetate (Fig. S13) , suggesting that the acetate acts to bridge the two metal centers, as documented for the corresponding [(TPA) 2Fe
3+ complex almost 30 years ago [28] . Indeed, the two [(TPA) 2 Fig. 10 ). In the case of 12, a broad, low-intensity feature at 795 cm −1 is observed, which sharpens and downshifts to 785 cm −1 upon the introduction of acetate to form 12-OAc. These spectral changes reflect the formation of an acetate bridge between the iron and manganese centers, thereby fixing the Fe-O-Mn angle. The latter value is quite close to the value of 770 cm −1 reported for the well-characterized [(TPA) 2Fe
3+ complex [29] . XAS experiments were performed on 10, 11, and 12. Their K-edge energies range from 7123.7 to 7124.6 eV and pre-edge areas fall between 11 and 15 units (Tables 1 and  3) . These results point toward a series of complexes with 6-coordinate Fe III centers and are supported by the bond metrics found from EXAFS analysis (Fig. 11, Table 3 ). The Fe···Mn distance changes from ~ 3.6 Å for the nearly linear 10 and 11 to 3.34 Å for 12, suggesting a decrease in 
Discussion
In recent work, we have demonstrated that Fe IV (O) species can serve as synthons for the formation of heterobimetallic Fe III -O-M (M = Cr III , Sc III , and Ce IV ) complexes via an inner-sphere mechanism [17] [18] [19] [20] [21] . In this paper, we increase the list of Fe III -O-Cr III complexes to 7, a group that demonstrates how the coordination environment of the iron center affects the properties of the Fe III -O-Cr III unit (Table 1 ).
More importantly, we extend this chemistry to include four Fe III -O-Mn III complexes (10, 11, 12, and 12-OAc), which serve as the starting point for efforts to model the active sites of Fe/Mn enzymes such as Class 1c RNRs [2] and R2lox [4, 11] and gain insight into how dioxygen is activated at this particular heterobimetallic active site.
Unlike Fe III -O-Fe III complexes which show an intense band near 350 (± 30) nm with ε values ranging from 4000 to 13,000 M −1 [29] , each of the Fe III -O-Cr III complexes exhibits a rich and characteristic UV-Vis spectrum consisting of three clusters of bands of decreasing intensity ( Table 1) . The most intense cluster of bands is found at 350 nm with ε values (Table 1) ). These bands are sensitive to the nature of the polydentate supporting ligand as well as the nature of the axial ligand on the Fe center (Figs. 2, 3 ). In particular, the introduction of cyanate and thiocyanate as axial ligands to 5 significantly increases the intensities of the UV-Vis bands (Fig. 2) (Tables 1 and 2 ). A dramatic difference is observed between the XAS pre-edge areas of complexes with 5-and 6-coordinate iron centers. Indeed, the pre-edge areas of 1 and 4 at ~ 30 units stand in sharp contrast to values of 9-15 units found for the other complexes in Table 1 , which correlate with the coordination number of the iron center. On the other hand, the vibrational data we have collected for this set of Fe III -O-M complexes (Table 1 ) provide a more nuanced assessment Fig. 10 Resonance Raman spectra of Fe-O-Mn complexes in CH 3 CN solution. Spectra for 0.5-mM 10 were collected using 515-nm excitation at 77 K, while spectra for 1.25-mM 11 and 2.5-mM 12-OAc were collected with 457-nm excitation at − 40 °C. Asterisk denotes a CH 3 CN solvent peak, number sign denotes a CD 3 CN solvent peak, and ampersand symbol denotes a trifluoroethanol solvent peak. 18 complexes suggested that the 104-cm −1 difference between 4 and 5 could be simply rationalized by the difference in coordination number of the iron center, with 4 having a 5-coordinate iron center and a much higher stretching frequency than 5, which has a 6-coordinate iron center. However, the additional results presented in this paper show that coordination number is not the correct rationale, as some complexes with 6-coordinate iron centers, e.g., 7 and 8, exhibit asymmetric Fe-O-M vibrations at the high end of the observed range. Instead, Fig. 12 shows that the vibrational data for Fe-O-Cr and other Fe-O-M compounds can be reasonably correlated with the Fe-O bond length, which is perhaps not an unexpected outcome.
To Our efforts have expanded on our previous work in using Fe IV =O species as synthetic precursors to heterobimetallic complexes. These results show that the asymmetric Fe-O-M vibration of these complexes is correlated with the Fe-O bond length. We have also demonstrated the first directed synthesis of an Fe-O-Mn complex, 12, that is capable of binding exogenous ligands. This work thus provides a foundation for future efforts to synthesize high-valent mimics of the RNR 1c active site that shed light on the mechanism 
